and uptake by muscle. The in vitro utilization of fatty acid by skeletal muscle at rest and during electrical stimulation has recently been demonstrated by Fritz and co-workers who have, in addition, shown inhibition of the reaction with increasing concentration of albumin in the medium (4, 5) .
The work of Fredrickson and Gordon, and Bierman and colleagues (6, 7) on the disappearance from the vascular compartment of injected carboxyl-labeled, albumin-bound fatty acid is pertinent to the present discussion since similar techniques have been applied in the present investigation.
METHODS
The study was carried out in two parts: first, the effect of exercise on arterial plasma FFA level; and second, the effect of exercise on the disappearance of injected, prepared albumin-bound radiopalmitate.
It was found that lactic acid generated during exercise caused considerable spurious elevation of FFA as determined by the Dole method (1) . For this reason a modified Dole procedure was used, consisting of washing the organic solvent layer with 0.02 per cent sulfuric acid.' The method and its validation will be described in detail elsewhere (8) .
Triglycerides were determined by the method of Van Handel and Zilversmit (9) , glucose by the iodometric titration of Somogyi (10) , and lactic acid by the method of Barker and Summerson (11) . Plasma lipolytic ac-1 In the organic solvent phase of the Dole procedure 1.5 to 2.5 per cent of lactic acid of plasma equilibrates. This means that every milligram per 100 ml. increase in lactic acid of plasma would be expected to increase the apparent FFA titration by about 2 /.&Moles per L.
This theoretical increase correlates well with actual differences in "washed" and "unwashed" FFA titrations in exercising individuals and with values simultaneously obtained by the Gordon and Cherkes method. The modified procedure was found to yield 91 per cent recovery of fatty acid. tivity was determined by an adaptation of a method by Engelberg (12) (13) (14) . This adaptation measures the release of fatty acid from Ediol@ (a fat emulsion) incubated with plasma.
Measurement of the activity of plasma after injection of radiopalmitate was carried out in the following manner. Two ml. samples of plasma were extracted as in the Dole procedure for determination of FFA. Eight ml. aliquots from the organic solvent phase, which represent the fatty acids from 1.78 ml. plasma, were placed in separate tubes. In order to separate fatty acids from neutral lipid 2 (15), 8 ml. of 0.1 N NaOH in 50 per cent ethanol was added to the tubes to convert the fatty acids to the sodium salt and extract them into an aqueous phase. After removal of the upper phase containing neutral fats, the sodium palmitate in the aqueous layer was acidified to a pink end point by addition of 0.25 N HCO using thymol blue indicator. The fatty acids were then re-extracted with heptane and the heptane layer was transferred to 50 ml. In handling the data concerning disappearance of radiopalmitate, the following assumptions were made: first, during the period of exercise considered in this study, there is no consistent or significant change in plasma FFA concentration following the initial fall 2 Data by Fredrickson and Gordon (6) , confirmed in this laboratory, indicate that there is considerable conversion of FFA to neutral fats and that the latter must be removed for accurate determination of palmitic acid-1-C'4 activity. (Table I) ; second, the initial part of the curve representing the semilogarithmic plot of the disappearance of radiopalmitate lies sufficiently close to a straight line during both rest and exercise to permit useful estimates of FFA transfer rates based on equations describing such straight line relationships; third, in the steady state and with constant transfer rates for the unlabeled substance, the observable behavior of a tracer is independent of the reaction order (16) (17) (18) and the transfer equation has the form of an equation describing a first order reaction (19) . The departure from linearity could be the result of a number of possible factors such as recirculation of label (6) or differences in the rate of release of FFA from various binding sites on albumin (20) . Although a rise in plasma FFA concentration could account for -the apparent decrease in the rate of radiopalmitate disappearance, this is not the case here, since a decrease always occurred regardless of whether FFA concentration rose, fell, or remained the same either during rest or after the initial fall caused by exercise. Assuming constancy of flux of unlabeled FFA into and out of plasma: dx = -xF/W dt where x equals the amount of label in plasma; t, the time in minutes; W, the amount of unlabeled fatty acid in plasma; and F, the number of millimoles of fatty acid entering or leaving the vascular compartment per minute. Then, x = xoe-Ft/w. Since F/W is constant and equals the fraction of the total fatty acid in the vascular compartment leaving per minute, let F/W = K. Then, x = xke-t (19, 21) .
The slope of the disappearance curve for radiopalmitate from the second to the fourth minute after injection was used to establish the value "K," as in the studies of Fredrickson and Gordon (6) . This was done because the region usually represents the first clear straight line after an interval of time in which mixing in the blood is reasonably certain to be complete. Though this is generally true of curves obtained in resting subjects, there is reservation concerning the validity of this choice where exercise curves are concerned, so "K" was also calculated from the one to two minute slope. These reservations will be discussed at a later point. A FFA concentration obtained one minute after injection of label was used to estimate total plasma FFA, W, in the calculation of flux, assuming a plasma volume of 3.5 L. 
EXPERIMENTAL
First experiment. Seven healthy male volunteers between the ages of 20 and 25 were selected. These subjects were permitted a 600 calorie, low fat, high carbohydrate breakfast and were then fasted for six hours before and throughout the procedure. A Cournand needle was positioned in a brachial artery in each subject. After a 15 minute rest period, subjects exercised vigorously for 15 minutes by pedaling a stationary bicycle. The subjects were instructed to exercise as vigorously as possible, but to pace themselves so that they would be able to continue for 12 to 15 minutes. Blood samples were drawn in heparinized syringes during all phases of the procedure for determination of blood fatty acid, glucose, triglyceride, lactic acid and lipoprotein lipase activity.
Second experiment. Another group of eight healthy male volunteers between the ages of 21 and 25 was given 0.002 mc. of prepared albumin-bound palmitic acid-i-C1 intravenously while in the resting state, and brachial artery blood samples were drawn every minute for 10 minutes.
From 30 to 35 minutes after the resting samples were obtained the subjects began vigorously pedaling a stationary bicycle. After two to three minutes of exercise, another 0.002 mc. of palmitic acid-l-C14 was given and the sampling repeated as in the control period, but with the subjects maintaining vigorous activity.
Plasma samples were analyzed for FFA concentration and, in addition, were extracted as previously outlined for measurement of palmitic acid-i-C14 activity. Semilogarithmic plots of plasma palmitic acid-i-C1 activity were used to measure the disappearance rate of the radioisotope from the vascular compartment.
RESULTS
The effect of exercise on blood FFA level The results (Table II) reveal consistent, fairly large and rapid falls in the level of arterial FFA during exercise. These effects are best demonstrated graphically (Figure 1) average level rose to 1.02 mMoles per L., a levet significantly greater than the control values. Nob significant changes related to exercise were noted in blood glucose, triglyceride or serum lipoprotein lipase activity. Blood lactic acid was elevated considerably during exercise, rising from 10.9 to 68.9 mg. per 100 ml. and from 7.2 to 67 mg. per 100 ml. in the two subjects in whom measurements were made. Furthermore, during the short period of exercise studied, the lowered FFA levels remained stabilized (Table I ) until the physical activity was stopped, after which fatty acid concentration rose to levels above those of the control period (p < 0.01).
Effect of exercise on the disappearance of palmiticacid-1-C14 from blood
In the eight subjects studied, the initial rate of disappearance of 0.002 mc. of palmitic acid-i-C" was more rapid during exercise than at rest. This can be seen by inspection of the graph of mean values (Figure 2) , in which the logarithms of the concentrations in counts per minute are plotted against time. The values obtained during the second and fourth minutes of the resting and exercise curve were used to calculate the constant "K" (Table III) , representing the fractional rate of disappearance of FFA per minute, i.e., the fraction of the amount of FFA present in the blood disappearing per minute (6) (vide supra). During the second to fourth minutes, the mean value for "K" was 0.294 per minute at rest and 0.473 per minute during exercise, an increase of 61 per cent. This would mean that the mean half-life of plasma FFA during the specified time changed from 2.36 to 1.46 minutes. DISCUSSION The data indicate that the amount of exercise performed promptly lowered plasma FFA levels. This lowering was rapid, and maximum in the first specimen drawn at seven to eight minutes after exercise was begun. In addition, an equally rapid rise above the pre-exercise level occurred upon cessation of exercise.
The above data show that exercise lowers FFA, but do not reveal whether this is due to an accelerated removal from or a decreased entry into the vascular compartment. This problem is resolved by the second part of the study which shows that exogenous palmitic acid-1-C4 is re- Inspection of the mean exercise and resting curves (Figure 2) shows that the rate of disappearance of label during exercise is more rapid during Minutes one to two than subsequently. If one assumes that mixing is complete at one minute and uses the one to two minute values for calculation of "K," the "K's" for rest and exercise then become 0.356 and 0.650 per minute, respectively, a difference of 82 per cent (p < 0.01); and since plasma FFA is unchanged, the calculated differences in flux would be greater than those calculated above (45 per cent). Since the earliest values after mixing is complete are more likely to represent the true disappearance rate of label from plasma, there is some virtue in choosing these points instead of the two and four minute points as others have done in such calculations (6) . Lack of knowledge of the time of complete mixing makes it impossible to choose the proper portions of the curves with certainty,3 nevertheless, regardless of the choice, an increase in flux both into and out of plasma exists.
The rise in plasma FFA after exercise is of interest and could mean that "K" suddenly returns to a lower level while mobilization factors are still operating at an accelerated rate.
Fredrickson and Gordon (6) have shown that "K" varies inversely with plasma fatty acid concentration in the resting individual at levels below 0.6 to 0.8 mMole FFA per L. The resting 3 Experiments with Evans blue dye indicate that mixing is complete between 90 to 120 seconds (22) . However, only minor fluctuations in concentration occur after 30 seconds. It is felt, in relation to the present investigation, that there is more error in the first minute samples but that this error is not great at rest and that it is smaller during exercise. Figure 3 are consistent with this observation, but the changes in "K" brought about by exercise are outside this range and cannot be accounted for merely on the basis of the decrease in FFA concentration.
The possible effect of lactic acid production during exercise on the level of plasma FFA is raised by the above data. Since increased blood concentration of this substrate persists for much longer than the decrease in plasma fatty acid (23) it is felt that there is probably no immediate relationship between the two and that elevated lactic acid is not responsible for the decline in plasma FFA concentration. In a single experiment, infusion of sodium lactate had no effect on plasma FFA.
The data presented do not determine the fate of the removed FFA. However, unpublished studies by Fredrickson (24) show a five-to sixfold increase in C1402 excretion during exercise. This and similar problems in FFA utilization in relation to exercise are being examined currently in our laboratory.
SUMMARY AND CONCLUSIONS 1. The relationship between exercise and plasma fatty acid turnover was studied by observing the rate of disappearance of palmitic acid-i-C14 and by studying changes in plasma FFA concentration.
2. Acute exercise lowers plasma FFA concentration. There is a significant rise in plasma FFA concentration immediately after exercise. 
